Abstract In this paper various biogas systems based on waste materials have been analysed from an environmental point of view. The analyses are based on Swedish conditions using a systems analysis approach from an energy and life cycle perspective. The biogas produced is used as a transportation fuel replacing petrol in light-duty vehicles. The overall aims are to quantify the potential environmental effects when current waste handling and transportation fuel systems are replaced. A general conclusion is that the indirect environmental benefits (e.g. reduced emissions of ammonia and methane, and nitrogen leaching) from altered handling of organic waste materials and land-use may often significantly exceed the direct environmental benefits achieved when biogas replaces petrol (e.g. reduced emissions of carbon dioxide and air pollutants). Such indirect benefits are seldom considered when biogas is evaluated from an environmental point of view. However, the environmental impact from different biogas systems can vary significantly due to factors such as the waste materials utilised, different reference systems being replaced, and local conditions.
Introduction
There is an increasing interest in Sweden in the use of anaerobic digestion and of biogas, especially as a transportation fuel. One reason is that replacing fossil fuels, e.g. petrol and diesel, with biogas leads to environmental benefits such as reduced emissions of carbon dioxide and air pollutants. However, prospects exist for additional environmental benefits apart from those obtained by the substitution of fossil fuels. Several local environmental benefits can be gained (e.g. reduced emissions of ammonia and methane and nitrogen leaching) when biogas systems are introduced and call for changes in land use and the handling of organic waste products. Such indirect environmental benefits are seldom considered when biogas is evaluated from an environmental point of view. Hence, these indirect benefits can increase the value of the biogas systems, and thus lead to improved future market conditions for biogas.
The aim of this paper is to describe the overall environmental impact when biogas systems based on waste materials replace certain reference systems. Examples of such reference systems are current systems for waste management including municipal and industrial organic waste (e.g. composting), and of agricultural by-products (e.g. conventional handling of manure, no utilisation of crop residues, etc.), and energy systems for transportation services. This paper is based on a part of a broad and extensive environmental systems assessment which is presented in greater detail in Berglund and Börjesson (2006) and Berglund (2006, 2007) .
Methodology
The study is based on a systems analysis approach using a life cycle perspective. The calculations of fuel cycle emissions are based on primary energy inputs. The changes in environmental impact are expressed per energy services; that is, MJ kinetic energy in conjunction with transportation, thereby also including differences in engine efficiencies. The collection of data is based on literature reviews. The biogas and reference systems included are shown in Table 1 , and the characteristics of the raw materials in . These emissions are classified into the following environmental impact categories: global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), and photochemical oxidant creation potential (POCP). The category indicators used are given in Börjesson and Berglund (2007) . 
Fuel cycle emissions
The biogas production chain includes several steps in which energy is used and thus gives rise to emissions. Examples of energy inputs included in this study are collection of sorted municipal organic waste and food industry waste, recovery of sugar beet tops, transport of substrates to large-scale biogas plants, transport and spreading of digested residues, operation of the biogas plant, and upgrading of the biogas when the gas is used as a transportation fuel. The heat used in the biogas plant is assumed to be produced from biogas, based on present conditions at Swedish biogas plants. The electricity used is assumed to be produced in condensing plants using natural gas, reflecting the estimated, long-term, marginal production of electricity. The emissions from the final use of the biogas include those light-duty vehicles with a conversion efficiency of 0.19, which is equivalent to a 10% higher efficiency than in a petrol-fuelled, light-duty vehicle. Thus, fuel cycle emissions are here defined as emissions from the production and the final use of the energy carriers. The fuel cycle emissions of different biogas systems are presented in detail in Börjesson and Berglund (2006) .
The fuel cycle emissions calculated are based on the assumption that the losses of methane from the biogas systems are almost insignificant. However, high losses of methane may occur due to defective technology (uncontrolled losses), or limitations in the utilisation of the biogas produced for energy purposes (controlled losses). Experience shows that an additional 10-15% biogas may be produced during the storage of the digested residues. This gas can be lost if the storage reservoir is not covered and the gas is not collected. Losses of methane may also occur during upgrading and pressurisation when the biogas is utilised as transportation fuel or
Presented in Session PP8A -Bioenergy 2 11 th IWA World Congress on Anaerobic Digestion, 23-27 September 2007, Brisbane, Australia distributed through the natural-gas grid. Even moderate losses of methane can affect the global warming potential significantly since methane is a 21-times more potent greenhouse gas than carbon dioxide. In this analysis, the uncontrolled losses of methane are estimated to be 2 % when the biogas is upgraded and used as a transportation fuel, based on current Swedish experience.
Indirect environmental effects
The indirect environmental effects are here defined to be caused by emissions that are not directly related to the energy conversion systems. Examples are changed emissions from the handling and storage of raw materials and digested residues, changed nutrient leaching due to changed cropping practices, and differences regarding the output of plant nutrients between the systems compared (for a more extensive description, see Börjesson and Berglund, 2007) .
Digestion of liquid manure can result in indirect environmental benefits when biogas is collected and thus reduces the spontaneous emissions of methane compared to the conventional handling systems. This reduction is estimated to be 50% or more, depending on the biogas technology utilised. The emissions of ammonia are also estimated to be reduced by about 20% compared with conventional storage using semi-permeable cover sheets. Results from field trials indicate that the emission of nitrous oxide can be reduced by about 40% when digested instead of undigested manure is spread. One reason is that digested manure contains less of the easily digested organic matter which is used as an energy source by the nitrous oxide forming microorganisms. On the other hand, the emission of ammonia may increase slightly with digested manure due to its higher content of ammonium. However, a higher content of ammonia will also lead to an improved fertiliser quality, since ammonia is directly available to the plants. Results from field trials indicate that nitrogen leaching may be reduced by around 20 % when digested manure replaces undigested (thereby reducing the need of chemical fertilisers, for instance).
A significant part of the nitrogen in sugar beet tops (approximately 20-40 %) can be lost to the next cropping season through emissions of ammonia and nitrogen gas (N 2 ) to the atmosphere, and emissions of nitrate to the ground water. An estimation gives that these nitrogen losses (and thereby nitrate leaching and emissions of ammonia) could be reduced by about 50% if the sugar beet tops are harvested, and if losses during storage are minimised. This will thus also lead to a reduced need of chemical fertilisers.
Digestion of sorted organic waste from municipalities and food industries makes possible the recycling of nutrients back to arable land in the form of digested residues. This leads to an indirect benefit in the form of the reduced need of chemical fertilisers, thus avoiding emissions from their production (e.g. carbon dioxide and nitrous oxide). Recycling of nutrients is also limited in conjunction with large-scale composting, since this technology may lead to significant losses of nitrogen (around 35 % when gas-cleaning equipment is excluded), mainly as ammonia.
Composting may also lead to emission of nitrous oxide and methane. 4 give an overview of the results of the comparisons carried out in this paper. Each group of two columns represents one comparison, the left column expressing the emission from the biogas systems, and the right the emissions from the corresponding reference system. Emissions that are defined as causing "indirect environmental effects" are given as the difference between the systems compared. The contribution to the GWP will normally be reduced by between 70 % and 85 % when biogas replaces petrol as a transportation fuel in light-duty vehicles, the highest reductions being from the replacement of handling manure. In this case, the indirect benefit in the form of reduced emissions of methane during storage of the manure is almost equivalent to the reduction of carbon dioxide when petrol is replaced. Thus, biogas from manure can be said to have a "double benefit" from a GWP point of view. Biogas from organic waste will also lead to a significant indirect benefit in the form of reduced emissions of nitrous oxide and methane when the alternative treatment method is composting.
Results

Figures 1 to
The calculations show a significant reduction, up to 97 %, in the contribution to the eutrophication and acidification potential when biogas systems are introduced. This is due to the indirect environmental effects caused by emissions of ammonia from the composting of waste, field emissions of nitrate from the use of manure, and field emissions of nitrate and ammonia from the handling of tops and leaves of sugar beets. The contribution to the photochemical oxidant creation potential, which could cause high levels of ozone harmful to crops and humans, decreases typically by between 60% and 80%. This is mainly due to the reduction of hydrocarbons in the production and end-use of the energy carriers, but also methane from the storage of manure. 
Conclusions And Discussion
Promotion of biogas systems is here shown to have the potential to be an effective strategy in combating several of today's serious environmental problems, not only climate change but also eutrophication, acidification and air pollution. An introduction of biogas systems may lead to direct benefits, such as reduced emissions of air pollutants when fossil fuels are replaced, but also indirect benefits from changed land use and handling of organic waste products, and these indirect benefits can be the most important.
Several factors included in this environmental assessment have been identified to significantly affect the result. Some of these factors are based on rather uncertain input data, mainly due to differences in local conditions or limited knowledge due to lack of data from monitoring and measurements, experiments, field trials etc. One example is the estimation of spontaneous losses of methane from storage of liquid manure. These losses may vary significantly due to factors such as temperature, duration of storage, precipitation, content of straw etc.
Biogas production causes uncontrolled losses of methane, which are normally of small magnitude in well functioning biogas systems (less than 2 %), but can be significant in systems with defective technology. Concerning the systems included in this study, the uncontrolled losses of methane need to amount to 15-20 % in biogas systems based on sugar beet tops and organic waste, and up to 30 % in manure-based biogas systems, before the emissions of greenhouse gases from these biogas systems exceed those from the reference systems including fossil fuels.
The eutrophication and acidification are significantly affected by the variation in indirect emissions of nitrate to water and ammonia to air, and the assumptions made here are uncertain. The actual nitrate leaching can vary greatly depending on location, and reliable input data are limited due to the lack of long-term field trials dedicated to monitor the specific aspects analysed here. The estimations on the emissions of ammonia are also uncertain, as the assumptions are based on limited input data and specific technologies. For example, the emissions of ammonia from composting may be significantly reduced, by up to 80 %, if the composting facility uses gas-cleaning equipment.
The overall conclusion is that the potential environmental benefits of introducing biogas systems can be significant, but may also vary due to the raw materials digested, the energy service provided and the reference systems replaced. In order to achieve more secure results in future environmental studies of biogas systems, these need to be based on data referring to the specific local conditions valid for the actual biogas system.
